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generated ratio of choroidal stromal area to the choroidal vessel lumen area to be 0.27±0.08, suggesting that choroidal vessel lumen forms a greater proportion of the choroid than choroidal stroma in healthy eyes.
Conclusions-This is the first study describing the morphology and vasculature of choroid in healthy eyes from 1-line raster scans obtained using SD-OCT. The method described holds promise, and has immediate clinical utility in recognizing subtle changes in choroidal morphology and the role of choroidal angiopathy in various disease states, that in the future might inform new treatment modalities.
The term choroid is derived from the Greek words for "membrane" and "form". It is a vascularized and pigmented tissue that extends from the ora serrata anteriorly to the optic nerve posteriorly. Histological investigations of the choroid demonstrate that it is 0.22 mm thick posteriorly and 0.10-0.15 mm thick anteriorly, and is comprised of three main vascular layers: the choriocapillaris, Sattler's layer and Haller's layer. (Figure 1 ). 1 The choroid is responsible for vascular support of the outer retina. A structurally and functionally normal choroidal vasculature is essential for retinal function: abnormal choroidal blood volume and/or compromised flow can result in photoreceptor dysfunction and death. 2 Consequently, the choroid plays a vital role in the pathophysiology of many conditions such as age-related macular degeneration (AMD), central serous chorioretinopathy and diabetic retinopathy. [3] [4] [5] Probing structural and functional parameters of the choroid is important for understanding of disease progression. Techniques that are currently used to clinically assess the choroidal vasculature in vivo include fluorescein angiography (FA) and indocyanine green angiography (ICG). 6 However, angiography is not quantitative, does not provide threedimensional anatomic information about the retinal pigment epithelium (RPE) or the choroidal layers, and is not without risk. 7 By contrast, optical coherence tomography (OCT) is a non-invasive imaging modality that uses low coherence reflectometry to obtain cross sectional images of the retina on a micron scale 8 . The recently developed spectral-domain OCT (SD-OCT) systems, dramatically increase image acquisition speed and resolution, thereby improving scan quality. 9 Recent reports demonstrate successful measurement of choroidal thickness in normal and pathologic states using SD-OCT devices. [10] [11] [12] [13] [14] [15] To the best of our knowledge however, no description of the morphological characteristics of the healthy choroid using SD-OCT has been undertaken to date. We have observed that there are differences in the structure of the choroid on SD-OCT in disease states such as AMD and other retinal diseases, which are not adequately described by measuring sub-foveal choroidal thickness alone ( Figure 2 ). This study was designed to analyze the morphology of the choroid and also the assessment of its vasculature manually as well as with a custom software, using high definition 1-line raster scans obtained using SD-OCT. These methods may be useful in differentiating healthy choroid from choroid affected by pathology in future.
METHODS

Subjects
A retrospective analysis was performed on 42 eyes of 42 healthy subjects, who underwent high-definition 1-line raster scanning at the New England Eye Center, Tufts Medical Center, Boston, Massachusetts between November 2009 and September 2010. None of the eyes had any previous or concurrent retinal or choroidal pathology. Subjects with myopic refractive error of greater than 6.0 diopters were excluded with the understanding that pathological myopia may have a significant effect on the detailed analysis of the choroid. All subjects had a best-corrected visual acuity of 20/20 or greater and underwent fundus examination. This study was approved by the institutional review board of Tufts Medical Center and is adherent to the tenets of the Declaration of Helsinki.
SD-OCT Scanning
SD-OCT scanning was performed using Cirrus high definition (HD) (Carl Zeiss Meditec Inc., Cublin, California, USA), which operates at a wavelength of 840μm. The scan pattern employed was the 1-line raster, which is a 6-mm line consisting of 4096 A-scans, an imaging speed of 27,000 A-scans per second, an axial resolution of 5μm a transverse resolution of 15μm in tissue and averages 20 frames (B-scans). Averaging of imaging results in reduced "speckle," which enhances the continuity and sharpens the tissue features. Image averaging typically increases signal-to-noise ratio (SNR) in proportion to the square root of the number of images averaged. The images were taken in the usual manner, and were not inverted to bring the choroid closer to the zero-delay line, as inversion of images using Cirrus results in low-resolution and a pixilated image due to signal processing artifacts. Enhanced depth imaging (EDI) which automatically sets the choroid closer to the zero delay line, and thus theoretically provides a better visualization of the choroid-scleral interface, was not available at the time the images were obtained. All scans had an intensity of 6/10 or greater and were taken as close to the fovea as possible, so as to image the thinnest part of the macula. This was done to avoid slight differences in positioning, so that the analysis of the morphological features and vasculature of the choroid can be done precisely. One eye per patient was selected for analysis. If scans from both eyes met the inclusion criteria, then the scan from the eye in which the choroid-sclera border could be most clearly visualized was selected. Of the 42 eyes, 18 right eyes and 24 left eyes were analyzed.
Morphological Description of the Choroid
Two independent raters experienced in examining SD-OCT images evaluated the choroid for morphological features. A third rater was consulted when the two raters disagreed, and majority determination was used for the purpose of analysis. The clarity of the choroidsclera junction was examined. The contour and shape of the choroid-scleral junction was also evaluated as being either a smooth "bowl" or convex shape vs. having more than one inflection point or an "S" or an irregular shape. Whether or not the thickest point of the choroid was sub-foveal, as well as if there was any focal thinning of the choroid was also observed. The continuum in size of choroidal vessels axially was also observed with "even" meaning that larger vessels lie closer to the choroid-sclera junction and smaller vessels closer to the Bruch's membrane/RPE and "uneven" meaning the presence of large vessels adjacent to the Bruch's membrane/RPE. Distribution of large vessels in the nasal-temporal plane was also evaluated as either being evenly spaced or not evenly spaced. Intensity of the choroidal stroma between the large vessels and the penetration of scleral vessels into the choroid-scleral border were also evaluated.
Analysis of Choroidal Vasculature
The luminal diameter of large choroidal vessels (including arteries and veins) in healthy eyes ranges from 28.2 ± 11.2μm to 37.1 ± 12.5μm on histology. 16 Histological analysis may cause alteration of the tissue due to postmortem changes and processing artifacts, 16 which makes comparison of the of the thickness of the choroidal vascular layers on OCT and on histology impractical and erroneous. A pilot study performed by our group involved identification of the smallest visible large vessel layer located in close proximity to the choroid-sclera border on SD-OCT images of 42 healthy subjects (42 eyes) at any location on the 6mm 1-line raster SD-OCT scan. This was then measured in the nasal-temporal plane using the Cirrus linear measurement tool, by two independent raters, and their average was calculated. While the differences in the transverse and axial resolutions of the SD-OCT system may affect the accuracy of measurements, however, we obtained the diameters of vessels only in the nasal-temporal plane (transverse plane). Raters experienced in analyzing OCT images performed this pilot. The mean diameter of the smallest large choroidal vessels measured on the SD-OCT images of healthy eyes was 100μm (range: 86μm-108μm) (unpublished data). This was used as a cut-off for defining a large choroidal vessel for the choroidal vasculature analysis on SD-OCT in the present study.
For choroidal vasculature analysis, the choroidal thickness was measured by two independent observers perpendicularly from the outer edge of the hyper-reflective RPE to the inner sclera at three locations; at the fovea, 750μm temporal to the fovea, and 750μm nasal to the fovea. At the same locations, large choroidal vessels measuring ≥100 μm, located close to the choroid-scleral border and within the closest proximity to the locations of the choroidal thickness measurement lines were identified. Perpendicular lines from the inner most point of the large choroidal vessels were drawn at the same locations, which intersected the choroidal thickness measurement lines. Following this, the thickness of the large choroidal vessel layer (Haller's layer) was measured perpendicularly from the inner border of the sclera to the intersection point on the choroidal thickness measurement lines at all locations ( Figure 3 ). The measurements of the large choroidal vessel layer were subtracted from the total choroidal thickness at all locations, to obtain the distance of the large choroidal vessel layer to Bruch's membrane/RPE complex, which corresponds to the choriocapillaris layer and the Sattler's layer (medium choroidal vessel layer) thickness. These two layers were analyzed together (as a complex), since the current OCT technology does not allow for delineation of these layers separately. The ratio of the thickness of the large choroidal vessel layer to the total choroidal thickness was also calculated. Two independent raters experienced in analyzing OCT images performed all the measurements and the average measurements were used for the purpose of analysis.
Light/Dark Ratio
Custom software was developed using MATLAB (Natick, MA: The Math Works Inc.). A region of interest (ROI) of 1.5mm width, centered below the fovea in the choroid was manually selected. The light/dark ratio was calculated according to the threshold level obtained by Otsu's method, which minimizes the intra-class variance of the threshold of the black and white pixels. For example, a light/dark ratio greater than 1 indicates that there are more bright pixels than dark pixels in the selected ROI. The light pixels correspond to the area of choroidal stroma found within the ROI, while the dark pixels correspond to choroidal vessel lumen area within the ROI (Figure 4 ).
Statistical Analysis
All data was expressed as mean ± standard deviation (SD). Pearson correlation was used to assess the inter-observer correlation of all the measurements of the choroidal vasculature. All descriptive statistics and inter-observer correlations were performed using Graph Pad Prism 5.0 software for Macintosh (GraphPad Software, La Jolla, CA).
RESULTS
The 42 subjects had a mean age of 51.6 ± 21.02 years (range: 23-89 years). A summary of the morphological features of the choroid is shown in Table 1 . All qualitative observations had a strong inter-observer correlation.
Analysis of Choroidal Vasculature
The total choroidal thickness, thickness of the large choroidal vessel layer (Haller's layer), distance of the large choroidal vessel layer to Bruch's membrane/RPE complex, which corresponds to the choriocapillaris layer and the Sattler's layer (medium choroidal vessel layer) thickness and the mean ratio of the thickness of the large choroidal vessel layer to the total choroidal thickness at the fovea, 750μm temporal to the fovea and 750μm nasal to the fovea are summarized in Table 2 . All measurements had a strong inter observer correlation ( Table 2) .
Light/Dark Ratio
Custom software (described above) generated a mean light-dark ratio of 0.27 ± 0.08. This number can be interpreted to mean that the choroid of a healthy eye has, on average, a higher proportion of choroidal vessel lumen (dark pixels) than choroidal stroma (bright pixels) in a sub-foveal cross-sectional ROI.
DISCUSSION
This study demonstrates an assessment of various morphological features of a healthy choroid and analysis of the vascular layers of the choroid using SD-OCT. In addition, this study presents the utility of custom software to assess the ratio of choroidal stroma to the choroidal vascular lumen in healthy eyes, a method that can be used clinically for the quantitative assessment of the choroidal vessel density. Because a precise clinical understanding of choroidal changes might be important for an accurate assessment of many diseases, the choroid has been evaluated by ICG 6, 17 and laser doppler flowmetry, 18, 19 which analyze the blood flow in the choroidal vessels. Although these techniques are useful for determining vessel abnormalities or changes in the choroidal blood flow, they do not provide any three-dimensional anatomic information of the choroidal vascular layers. Recent studies have demonstrated successful measurement of the choroidal thickness in normal and pathological states, such as age-related macular degeneration, central serous chorioretinopathy, high myopia and diabetic retinopathy. [10] [11] [12] [13] [14] [15] 20 In addition to observing changes in choroidal thickness, our group has observed distortion in the morphology of the choroid in a number of pathological conditions. To the best of our knowledge, this is the first study describing the morphological features of the choroid other than the total choroidal thickness using standard clinically available SD-OCT, and describes novel custom software for the analysis of the large choroidal vessel density. Recent studies have attempted to describe the thickness of the vascular layers of the choroid 21 and measurement of the choroidal vessel density 22 using C-scans generated from post acquisition processing of the images obtained using SD-OCT. However, using C-scans for the assessment of choroidal vascular layers as described by Zhang et al 21 , requires complex processing of images post acquisition, which may have limitations for immediate clinical utility. In addition, while choriocapillaris were delineated separately, the medium choroidal vascular layer and the large choroidal vascular layers were assessed together as the "choroidal vasculature" in that study. 21 The present study describes the analysis of choroidal vasculature in healthy eyes using 1-line raster B scans obtained using SD-OCT, which are currently rampantly used in the ophthalmic practice. This and the methods for analysis of the choroidal morphology and choroidal vessel density may have immediate clinical applications to help differentiate between healthy and diseased states.
This study shows that the choroid is thickest sub-foveally and thins out much more nasally than temporally in healthy eyes. These findings agree with previous reports. 23, 24 The choroid is convex or "bowl" shaped (as seen on histology, Figure 1) , and there is no focal thinning of the choroid in healthy eyes. In addition, the continuum of choroidal vessels is "even" (as seen on histology, Figure 1 ), the large choroidal vessels are "evenly spaced" and the choroid-scleral border is clearly identifiable in more than 90% of the healthy eyes. These findings may provide a benchmark for the assessment of morphologic changes involving the choroid in various pathologic states, which could potentially provide a better understanding of choroidal angiopathy in retinal diseases. Figure 1 demonstrates a histological image of a healthy eye. The three choroidal vascular layers can be identified. Histological fixation produces artifacts including shrinkage which further make a systematic correlative investigation of choroidal choroidal vasculature on OCT vs. histology impractical. 25 Thus, this study refrained from making any conclusive quantitative comparisons between SD-OCT images and histology. Since Cirrus HD-OCT has an axial resolution of 5μm in tissue, it is difficult to distinguish between the choriocapillaris and medium choroidal vessel layer (Sattler's layer). For this reason, this study analyzed the thickness of these layers as a complex, which along with the thickness of the large choroidal vessel layer, was achieved in this study with a strong inter-observer correlation. This investigation found the thickness of the mean sub-foveal large choroidal vessel layer thickness to be 204.3±65.9μm, that of the mean sub-foveal medium choroidal vessel layer/choriocapillaris layer to be 52.86μm±20.63μm, and the mean ratio of the large choroidal vessel layer to the total choroidal thickness of 0.7±0.06. There was no significant variability of the Haller's layer thickness amongst the three studied locations. Furthermore, this study quantified through automated software techniques, the ratio of the region of subfoveal choroidal vessel lumen to that of the region of choroidal stroma, that is, the density of the choroidal vessels, showing that in-vivo assessment of choroidal vasculature using SD-OCT shows a greater proportion of choroidal vessel lumen than choroidal stroma beneath the fovea in healthy eyes. This was expected in a healthy choroid because the choroid is a vascular tissue. The mean vessel density described by Sohrab et al in the outer part of the choroid in healthy eyes is ~87% (79-93%). 22 This analysis and determination of the vessel to stroma ratio in the different layers of the choroid may be helpful in determining choroidal vascular changes in vascular diseases such as diabetic retinopathy and age-related macular degeneration, which present with vascular atrophy and increase in extracellular matrix deposition. While it is difficult to ascertain what an abnormal light/dark ratio is until studies comparing the healthy to diseased eyes are performed, a ratio greater than 1 suggests a greater proportion of the choroidal stroma to choroidal vessels, which is theoretically abnormal, as choroid is a vascular tissue. None of the healthy subjects in the present study had a light/dark ratio greater than 1. In addition, the intensity of the choroidal stroma did not vary in the healthy eyes to determine the relationship between the light/dark ratio and the intensity of the choroidal stroma. This may be important to assess in diseases such as agerelated macular degeneration and diabetic retinopathy.
Future techniques for visualization of the choroid by OCT include using a wavelength centered near 1050nm, which has been shown to have increased penetration, making the visualization of the choroid-scleral border with greater precision. 26, 27 Another promising technology, Doppler OCT, is able to evaluate blood flow and volume. [28] [29] [30] Wang et. al described decreased blood flow and arterial velocity in patients with glaucoma, nonarteritic ischemic optic neuropathy and proliferative diabetic retinopathy compared to healthy subjects using Doppler OCT. 31 The use of en-face imaging, which allows for visualization of three dimensional OCT data in a fundus projection (C-scans), may be important in the future for evaluation the vascular layers of the choroid. 21, 22, 32 These technologies may further enhance our understanding of the choroidal vasculature, and could potentially also help resolve the medium choroidal vessel layer and the choriocapillaris layer separately. In addition, using C-scans, it is plausible to ascertain the variability of the thickness of the choroidal vascular layers 21, 22 . The present study is limited in describing the thickness of the vascular layers of the choroid only within a small region beneath the fovea.
In conclusion, this study describes the morphology and vasculature of the choroid in healthy eyes with a detailed methods using SD-OCT. These method hold promise in recognizing new subtle changes in choroidal morphology, in particular the role of choroidal angiopathy in various disease states, that in the future might inform new treatment modalities. Further studies looking at the morphology and vasculature of the choroid in diseased states are underway. Choroidal imaging with spectral-domain optical coherence tomography (SD-OCT) of a healthy eye and that with age-related macular degeneration (AMD). (A) SD-OCT image of a healthy subject. Note the "bowl" shape to the border of the choroid and sclera (white line), even distribution of large choroidal vessels in the nasal-temporal plane, even continuum of choroidal vessel size (large-small from outer choroid to inner choroid). (B) SD-OCT image of a patient with AMD. Note the irregular "S" shaped border of the choroid and sclera (white line) with focal thinning of the choroid (white arrow) and the thickest point of the choroid not below the fovea. Also note the close proximity of large choroidal vessels to Bruch's membrane/retinal pigment epithelium. Illustration of the method used to analyze the choroidal vasculature on a spectral domain optical coherence tomography (SD-OCT) image of a healthy eye. Blue asterisks represent the large choroidal vessels seen in the closest proximity to the three locations of vasculature analysis, that is, at the fovea, 750μm temporal to the fovea and 750μm nasal to the fovea, and closest to the choroidal-scleral border, which were selected for the large choroidal vessel layer measurements. Large choroidal vessel layer thickness was measured from the inner border of the choroid-scleral junction to the innermost point of the selected large choroidal vessel at each location. All measurements were performed using the Cirrus linear measurement tool. 
